A toxic glycolipid containing trehalose esterifled with unidentified fatty acids was previously reported by Alimova (1) in lipid extracted from Corynebacterium diphtheriae. This glycolipid was found to induce skin lesions in both rabbits and guinea pigs. Recently, the chemical constitution of this glycolipid was studied by loneda, Lenz, and Pudles (7) , and it was demonstrated that the glycolipid contained trehalose, corynomycolic acid [2-tetradecyl 3-hydroxystearic acid, C32H6403 (15) ], and corynomycolenic acid [2-tetradecyl 3-hydroxy 9-octadecenoic acid, C32H6203 (18) ] in equimolecular ratio. Subsequent work by Senn et al. (20) revealed that the glycolipid was a mixture of diesters of a,a-trehalose with a number of homologues of corynomycolic and corynomycolenic acids. Their work also showed that trehalose was esterified in the 6,6'-position. Thus, this toxic glycolipid of C. diphtheriae appeared to be a lower mycolic acid analogue of the cord factor of Mycobacterium tuberculosis, trehalose-6,6'-dimycolate (16) .
I have studied, in a series of investigations, the biochemical basis of the toxicity of the cord factor of M. tuberculosis. Mitochondrial respiration and phosphorylation are inhibited in vivo in the livers of mice intoxicated with either cord factor (11) or its synthetic chemical analogues (12) . This metabolic damage by the mycobacterial cord factor was intimately connected with a defect of the mitochondrial structural elements (11, 12) . More recently, it was demonstrated that cord factor induced, either in vivo or in vitro, a marked swelling of mitochondria accompanied with a partially irreversible change in the mitochondrial membrane structure (13, 14) .
It seemed of interest in this connection to study the effect of the cord factor of C. diphtheriae on the structure and function of the host-cell mitochondria to better understand the interaction of this type of toxic bacterial glycolipid with the mitochondrial membrane system. The present paper deals with the structural and functional change in mitochondria from the livers of mice intoxicated with the diphtherial cord factor and presents evidence that the lesion closely resembles that produced in mouse liver mitochondria by the cord factor of M. tuberculosis.
MATERIALS AND METHODS Animals. Male albino mice of random-bred ddO stock were obtained from a closed colony in the Laboratory Animals' Center of Osaka University, Osaka, Japan, and were used at 4 to 6 weeks of age. They were fed a standard commercial diet (Oriental Pellet Diet MF, Oriental Yeast Industrial Co., Tokyo, Japan) and water ad libitum. Mice were not fasted before sacrifice.
Toxic glycolipid of C. diphtheriae. The cord factor of C. diphtheriae PW8 used in the present study was prepared by T. loneda and generously provided by E. Lederer (10) .
Toxicity test. The toxicity of the diphtherial cord factor was tested either by recording the number of deaths and the loss of body weight after the repeated injection with 20 ,ug of cord factor at 2-day-intervals or by estimating the median lethal dose (LD5o) at 2 weeks after the single intraperitoneal injection of the graded amounts of cord factor. Routinely, each experimental group contained 10 mice. The LD5o was calculated by the method of Reed and Muench (19) .
Fractionation of the cell components from mouse liver. The livers were quickly excised from mice killed by cervical dislocation and were washed in ice-cold 0.25 M sucrose. After blotting on filter paper, I g (fresh weight) of liver was ground with nine volumes of 0.25 M sucrose for 2 min in a glass homogenizer (Potter-Elvehjem type). The homogenizer was kept in a cracked-ice bath during the operation. Fractionation of the cell components was done with a Spinco model L ultracentrifuge with rotor head no. 30, as described in a previous paper (11) , based on the method of Hogeboom (6) . Mitochondria were washed twice, each time decanting off the supernatant fluid with the fluffy sediments above the firmly packed mitochondrial pellet. The combined supernatant fluids were centrifuged at 35,000 X g for 10 min, and the particles contained in the resulting sediment were designated as light particles (11) . All operations were carried out at 0 to 2 C.
Assay methods. The assay method employed for measuring the phosphorylation coupled to the oxidation of succinate was slightly modified from that previously described (11) . The composition of the reaction mixture in a final volume of 3.0 ml was as follows: 17 A single intraperitoneal injection of the different amounts of cord factor, graded between 100 and 500 Ag, killed mice in direct proportion to the dose injected (Fig. 2) . Deaths of mice occurred in 1 to 2 weeks after injection. The LD5o calculated at the end of the 2nd week was 120 ,ug.
These results indicate that the toxicity of the cord factor of C. diphtheriae was of a delayed nature which closely resembled the toxic property of the cord factor of M. tuberculosis. Structural and functional damage in mitochondria from livers of mice intoxicated with diphtherial cord factor. Since it has been established that the cord factor of M. tuberculosis induced in vivo a fragmentation of mouse liver mitochondria and a gradual decline in the rates of both respiration and phosphorylation (11, 14) , studies were made first to see whether the cord factor of C. diphtheriae has a similar effect on the structural integrity of the mitochondrial membrane system, the membrane-associated succinate oxidation, and the coupled phosphorylation. The specific rates of oxidation of succinate and the accompanying phosphorylation by mitochondria were gradually diminished after the injection of diphtherial cord factor ( Table 1 ). The efficiency of oxidative phosphorylation, expressed as P/O ratio, also declined and approached 1.0 (theoretical value, 2.0). The rates of respiration and phosphorylation in mouse liver mitochondria were not inhibited by diphtherial cord factor added in vitro.
It was found, during the course of the fractionation of cell components from the livers of cord factor-intoxicated mice, that the heavy mitochondrial fraction was markedly diminished, whereas TOXIC GLYCOLIPID OF C. DIPHTHERIAE a slow-sedimenting fluffy layer above the firmly packed mitochondrial pellet appeared to increase. The particles contained in the fluffy layer were separated from the mitochondrial fraction as The mitochondrial protein, total lipids, and lipid-phosphorus gradually decreased in the livers of mice intoxicated with diphtherial cord factor, whereas those structural components markedly increased in the light particle fraction ( Table 2 ). The light particles showed little, if any, activity of the succinate oxidation and no coupling with phosphorylation.
The content of DNA in the livers of mice was not affected by intoxication with diphtherial cord factor (Table 3 drial structural elements by the diphtherial cord factor was not due to the decline of cell number in the liver but was due to intracellular fragmentation of mitochondria into smaller structural units. The data in Table 4 exclude the possibility that the changes in livers of mice intoxicated with diphtherial cord factor were due to cross-contamination of each subcellular fraction. The contents of protein and the distribution of succinate oxidase activity in the nuclear, microsomal, and soluble fractions were not influenced by the injection of cord factor, whereas the mitochondrial protein was markedly decreased, with a concurrent increase of protein content in the lightparticle fraction.
Although the appetite of mice was considerably affected by intoxication with diphtherial cord factor, it has been shown in a previous paper (11) that neither a decrease of the structural components in the mitochondrial fraction nor an increase in the amount of light-particle fraction was seen in the livers of mice fasted for 3 days. Thus, it seems not likely that the observed changes in the structural components in the mitochondrial and light-particle fraction were due to the lowered uptake of the diet.
These results support the view that the cord factor of C. diphtheriae induced in vivo a disruption of mouse liver mitochondria into fragments deficient in both respiration and phosphorylation.
To verify this hypothesis, mice were injected with various amounts of cord factor from 20 to 500 Ag, and the analyses of the structural components in mitochondria and light particles were carried out.
The mitochondrial protein, total lipids, and lipid-phosphorus were decreased, whereas those structural elements in the light particle fraction were increased, in direct proportion to the amount of cord factor injected (Fig. 3) Variance ratio exceeds 1% level of significance.
phorylation (Table 5 ). These findings indicate that a large amount of cord factor caused extensive fragmentation of mitochondria and produced mitochondrial fragments possessing a weak capacity for oxidative phosphorylation. Next, the effect of repeated injections of a small amount of cord factor on the structure and function of mouse liver mitochondria was examined. In parallel with a marked loss in body and liver weight of mice, the structural components in the mitochondrial fraction were decreased whereas those in the light-particle fraction were increased after each injection of 20 ,ug of diphtherial cord factor (Fig. 4) . Repeated small doses of cord factor apparently impaired mitochondrial phosphorylative activity, whereas the rate of succinate oxidation was not affected (Table 6 ). This led to a stepwise decline of the P/O ratio in mitochondria which approached 1.0 after three successive injections of 20 ,ug of diphtherial cord factor. The light particles isolated from the livers of mice which had received three repeated injections of cord factor showed weak oxidative phosphorylation. These data suggested that repeated injections of a small amount of diphtherial cord factor was more effective than a single injection of a large dose to cause a stepwise fragmentation of mitochondria and a rapid decline of the efficiency of mitochondrial oxidative phosphorylation. This would explain, in part at least, the stronger toxicity of repeated small doses of diphtherial cord factor than of one single large dose.
Effect of diphtherial cord factor on mitochondrial electron transport system. Since the results described above indicated that the cord factor of C. diphtheriae induced in vivo a functional damage associated with a structural disorganization of mouse liver mitochondria, the activities of the terminal electron transport system in those injured mitochondria and the mitochondrial fragments were examined.
The mitochondrial succinate oxidase system was inhibited in vivo after the injection of diphtherial cord factor (Table 7) . Among the enzymes of the succinate oxidase system tested, succinate dehydrogenase and cytochrome oxidase activity remained intact under the toxic action of diphtherial cord factor. A decrease in the enzymatic activity comparable to that observed in the entire succinate oxidase system was seen only in the segment of succinate-cytochrome c reductase system. Table 7 also indicates that the light particles showed no succinate oxidase and succinate-cytochrome c reductase activity, but they retained lowered but distinct activities of both succinate dehydrogenase and cytochrome oxidase. Thus, it would appear that the fragmentation of mouse liver mitochondria by the diphtherial cord factor primarily affects the transfer of electrons at the site prior to the level of cytochrome c of the mitochondrial respiratory chain. 
DISCUSSION
Data reported in this paper indicate that the cord factor of C. diphtheriae (trehalose-6 , 6'-dicorynomycolate) showed the same characteris- tic toxicity for mi,ce as that of the cord factor of M. tuberculosis (trehalose-6, 6'-dimycolate). As in the case of the mycobacterial cord factor, the toxicity of the diphtherial cord factor was found to be of a delayed type. Repeated intraperitoneal injections of a small dose (20 ,g ) as well as a single injection of a larger dose killed mice after 1 to 2 weeks, causing a heavy loss of body weight and progressive wasting symptoms. The present study also showed that the diphtherial cord factor induced in vivo structural damage of mouse liver mitochondria and a metabolic defect in the mitochondrial electron and energy transfer system. This metabolic lesion closely resembled that produced in mouse liver by the mycobacterial cord factor (11, 14) . Analysis of the cell components of mouse liver proved that the mitochondrial structure components were diminished, with a concomitant increase of those in the light particle fraction, after injection of the diphtherial cord factor. No morphological examination of the light-particle fraction was done in the present study; however, an electron-microscopic observation of a similar fraction isolated from the livers of mice intoxicated with the mycobacterial cord factor revealed that this fraction was composed largely of fragmented mitochondrial shells and a few microsomes (14) . Thus, it seems likely that the diphtherial cord factor induced in vivo, as did the mycobacterial cord factor, disintegration of the mitochondrial membrane into fragments. Such a loss of the structural integrity of the mitochondrial membrane by the diphtherial cord factor would lead to functional damage in the membrane-associated electron transport system and the accompanying phosphorylative process. It was assumed that this structural and functional damage in mitochondria is part of the biochemical basis of the toxicity of the diphtherial cord factor.
The structural elements essential for the toxic property of cord factor have been studied by several authors (2, 3, 12, 17) . It was well established from these investigations that the ester linkages at 6, 6'-position of trehalose with mycolic acid and the free hydroxyl groups of sugar play a dominant role in the toxic action of cord factor. Since it was noted in the present study that the diphtherial cord factor with C32-mycolic acid was less toxic for mice (LD5o = 120 Mg) than the mycobacterial cord factor which contains C88-mycolic acid in the molecule (LD50 = 50 Mg), the chain length of the mycolic acid esterified to trehalose seems to influence the toxic property of cord factor. This is in accord with a previous report (17) that a synthetic cord factor with C44-mycolic acid showed half of the toxicity of the cord factor of M. tuberculosis. The action of diphtherial cord factor on mouse liver mitochondria differed from that of the mycobacterial cord factor in the following two points. First, the yield of light particles by the diphtherial cord factor was dose-dependent in a wide range (20 to 500 Mg), whereas those particles were conversely diminished by increasing doses of the mycobacterial cord factor beyond 100 ug, indicating that excessive fragmentation of mitochondria occurred with such large doses (11 (11) . These findings suggest that the mycobacterial cord factor is more toxic for mice than the diphtherial cord factor, since the former affects the integrity of the mitochondrial membrane much more extensively than does the latter. A more detailed study of the role of the chain length of mycolic acid in cord factor toxicity is now in progress. The role of this toxic glycolipid in the pathogenesis of diphtheria is not known. However, in view of the fact that it affects the mitochondrial membrane structure and inhibits in vivo membrane-associated mitochondrial respiration and phosphorylation, the diphtherial cord factor would interfere with the physiological key process in host-cell and play a certain part in the invasion mechanisms of bacteria into the metabolically injured tissues.
